Abstract Glutamate is the major excitatory neurotransmitter in the brain, but excessive synaptic glutamate must be removed to prevent excitotoxic injury and death. Two astrocytic glutamate transporters, excitatory amino acid transporter (EAAT) 1 and 2, play a major role in eliminating excess glutamate from the synapse. Dysregulation of EAAT1 contributes to the pathogenesis of multiple neurological disorders, such as Alzheimer's disease (AD), ataxia, traumatic brain injuries, and glaucoma. In the present study, we investigated the effect of arundic acid on EAAT1 to determine its efficacy in enhancing the expression and function of EAAT1, and its possible mechanisms of action. The studies were carried out in human astrocyte H4 cells as well as in human primary astrocytes. Our findings show that arundic acid upregulated EAAT1 expression at the transcriptional level by activating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). Arundic acid increased astrocytic EAAT1 promoter activity, messenger RNA (mRNA)/protein levels, and glutamate uptake, while pharmacological inhibition of NF-κB or mutation on NF-κB binding sites in the EAAT1 promoter region abrogated these effects. Arundic acid increased NF-κB reporter activity and induced NF-κB nuclear translocation as well as its bindings to the EAAT1 promoter. Furthermore, arundic acid activated the Akt and ERK signaling pathways to enhance EAAT1 mRNA/protein levels. Finally, arundic acid attenuated manganese-induced decrease in EAAT1 expression by inhibiting expression of the transcription factor Ying Yang 1 (YY1). These results demonstrate that arundic acid increases the expression and function of EAAT1 via the Akt, ERK, and NF-κB signaling pathways, and reverses Mn-induced EAAT1 repression by inhibiting the Mn-induced YY1 activation.
Introduction
Glutamate is a major excitatory neurotransmitter in the central nervous system (CNS), playing a critical role in various brain functions such as cognition, memory, and learning, as well as development of the CNS [1] . Synaptic glutamate concentrations are kept at optimal levels to prevent excitotoxic neuronal death caused by excessive stimulation of glutamate receptors [2] . The rapid removal of excessive glutamate from the synaptic clefts is achieved by Na + -dependent excitatory amino acid transporters (EAATs). Among the five human sub-types of EAATs (EAAT1-5), EAAT1 and EAAT2 are also known as glutamate aspartate transporter (GLAST) and glutamate transporter-1 (GLT-1) in rodents, respectively. These transporters are predominantly expressed in astrocytes [3, 4] . Consequentially, dysregulation of EAAT1 and EAAT2 causes pathophysiology inherent to multiple neurological disorders including stroke, epilepsy, amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD), Huntington's disease (HD), Parkinson's disease (PD), HIV-associated dementia, and malignant glioma [5, 6] .
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During neurodevelopment, EAAT1 is highly expressed in cerebellar Bergmann glia and retinal Muller cells [7] [8] [9] [10] [11] . In mice, deletion of GLAST induces neurological deficits and enhances susceptibility to cerebellar injury [4, 12] . Glutamate neurotoxicity is inherent to GLAST knockout mice, leading to retinal ganglion cell degeneration and glaucoma [13] . In humans, reduced glutamate uptake and EAAT1 messenger RNA (mRNA)/protein levels are detected in the brain of the AD patients [14] [15] [16] . A heterozygous mutation in EAAT1 gene decreased glutamate uptake, leading to the development of seizures and ataxia [17] . Furthermore, a single missense C186S mutation in EAAT1 gene is associated with ataxia [18] . Reduction in EAAT1 protein expression is inherent to traumatic brain injury [19] and ophthalmic disorders [10] , such as glaucoma [20] .
Pharmacological agents targeting enhancement of expression and function of glutamate transporters have been explored as potential therapeutic candidates for the treatment of excitotoxic-related neurological diseases [21] . A recent study has reported that arundic acid [ONO-2506; (R)-(−)-2-propyloctanoic acid] prevented retinal ganglion cell death by increasing EAAT1 expression in a glaucoma mouse model [22] . Arundic acid is an astrocyte-modulating agent that was discovered during screening for synthesis inhibitors of S100β, a calcium-binding protein primarily produced in astrocytes [23] . S100β exerts neurotrophic effects at low concentrations, but is neurotoxic at high concentrations, and has served as a biochemical marker of several CNS disorders, such as traumatic brain injury and AD [24] . Arundic acid protected against deficits induced in cerebral ischemia and the loss of dopaminergic neurons in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mouse model by suppressing S100β expression [25] [26] [27] [28] . In addition, arundic acid reduced the levels of reactive nitrogen and oxygen species, further contributing to neuroprotection against the MPTPinduced dopaminergic neuronal damage in the mouse brain [29] . More importantly, these protective effects were persistent even with delayed treatment [30] . Arundic acid also decreased extracellular glutamate levels, leading to a decrease in infarct size in a cerebral ischemic rat model [31] . The protective effect was further established in a glaucoma mouse model where arundic acid prevented retinal ganglion cell death by increasing the expression of EAAT1 [22] . Therefore, understanding the molecular mechanisms of arundic acid-induced upregulation of EAAT1 at the transcriptional should impart new insight into the efficacy of arundic acid as a pharmacological therapeutics for neurodegenerative diseases associated with EAAT1 dysregulation.
Efforts to develop efficacious agents to treat neurological disorders that modulate glutamate transporters led to the characterization of several compounds that act on EAAT2, including ceftriaxone that has been staged on the clinical trials [4, 32, 33] . There have been a few studies on potential endogenous and pharmacological agents that show efficacy in regulating EAAT1 expression. Dibutyryl-cyclic AMP (dbcAMP) and neuronal soluble factors increased EAAT1 mRNA and protein levels in astrocytes [34, 35] . Various growth factors, including epidermal growth factor (EGF), transforming growth factor-α (TGF-α), fibroblast growth factor (FGF), insulin-like growth factor-1 (IGF-1), and glial cell line-derived neurotrophic factor (GDNF), also increased EAAT1 expression [36] [37] [38] . Estrogenic compounds such as 17β-estradiol and selective estrogen receptor modulators (SERMs) including tamoxifen and raloxifene increased EAAT1 expression by nongenomic estrogen receptors (ERs) of ER-α and ER-β as well as G-protein-coupled receptor 30 (GPR30) [39] [40] [41] via TGF-α as a mediator [40] . Moreover, our recent study on the transcriptional regulation of EAAT1 demonstrated that nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB) is a highly potent positive regulator of EAAT1 and mediates the stimulatory effects of positive modulators such as EGF on EAAT1 expression and function [42] .
Astrocytic EAAT1 expression is decreased by tumor necrosis factor-α (TNF-α) and endothelins [43, 44] . Neurotoxic heavy metals such as arsenic and manganese (Mn) also reduced EAAT1 expression and function [40, 45] . As chronic exposure to Mn from occupational or environmental sources causes manganism, a neurodegenerative disorder with similar features to PD, understanding the mechanism of Mn-induced downregulation of EAAT1 is highly significant in the search for novel pharmacological therapeutics for manganism [46] . The transcription factor Yin Yang 1 (YY1) plays a critical role in the transcriptional repression of EAAT1 in chicken Bergman glia [47, 48] . We have also recently reported that YY1 is a critical repressor of EAAT1 and its activation mediates the inhibitory effects of Mn on EAAT1 using epigenetic modifiers histone deacetylases (HDACs) as co-repressors in human astrocytes [42] . Several HDAC inhibitors such as valproic acid and trichostatin A have been reported to exert neuroprotective effects against glutamate excitotoxicityinduced neurological diseases, possibly by increasing EAAT1 expression [47, [49] [50] [51] .
Given arundic acid's efficacy as a neuroprotectant (see above) along with its ability to increase EAAT1 expression, the present study investigated the transcriptional regulation and intracellular signaling pathways by which arundic acid induces enhancement of EAAT1 expression and function in human astrocytes. Our results demonstrate that the NF-κB pathway plays a crucial role in arundic acid-induced upregulation of astrocytic EAAT1 at the transcriptional level by activating phosphoinositide 3-kinase/a serine/threonine kinase, also known as protein kinase B (PI3k/Akt) and extracellular signal-regulated kinase (ERK) signaling.
Materials and Methods

Materials
The human astrocyte H4 (HTB-148) cell line was purchased from ATCC (Manassas, VA) and human primary astrocytes were obtained from ScienCell Research Laboratories (Carlsbad, CA). The cell culture media, reagents, and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA). Growth media, supplements, and transfection reagent astrofectagen for primary human astrocytes were from ScienCell. Luciferase reporter assay kit was obtained from Promega (Madison, WI). The plasmid DNA and RNA isolation kits were obtained from Qiagen (Valencia, CA). Arundic acid (ONO 2506) was purchased from Tocris Biosciences 
Cell Culture
Human primary astrocytes (ScienCell) were grown in astrocyte growth medium for 3 weeks prior to the experiments, and H4 cells were cultured in DMEM with 10% fetal bovine serum and 1% penicillin and streptomycin (Gibco Life Tech, Grand Island, NY). The cultures were maintained at 37°C in a 95% air and 5% CO 2 incubator. For the experiments, astrocytes were plated in 6-well plates for protein/mRNA analysis and in 24-well plates for promoter activity and glutamate uptake assays.
Measurement of Promoter Activity
H4 astrocytes were transfected with the EAAT1 wild-type or NF-κB mutant promoter plasmids with Lipofectamine 2000. The plasmid transfection of human astrocytes was performed with astrofectagen. The mutations on NF-κB consensus binding sites (− 116 and − 538 position) in the EAAT1 promoter plasmid were previously described [42] . NF-κB reporter plasmid was obtained from Clontech Laboratories (Palo Alto, CA), and the YY1 promoter plasmid was a gift from Dr. Denis Guttridge (Ohio State University, OH). After overnight transfections, the effects of various compounds on promoter activities were determined with the Bright-Glo Luciferase Assay Kit (Promega) according to the manufacturer's instructions.
Cell Viability Assay
At the end of the treatment with the designated compounds, 20 μl of 3,4,5-dimethyl thiazol-2,5-diphenyl tetrazolium bromide (MTT; 5 mg/ml) was added for 4 h to the cells in each of the 24-well plates. Next, dimethyl sulfoxide (100 μl) was added to dissolve the formazan crystals, and the absorbance was read at 570 nm with a microplate spectrophotometer (Molecular Devices, Sunnyvale, CA).
Quantitative RT-PCR Analysis
The total RNA was extracted from the cells by using the RNA Isolation Kit (Qiagen), and 2 μg of RNA was transcribed to complementary DNA (cDNA) with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). For the quantitative real-time PCR (qPCR), the reaction mixtures of 1 μg of cDNA template; 0.4 μM of the EAAT1, YY1, or GAPDH primers; and RT 2 SYBR Green qPCR master mix (Qiagen) were prepared in a total volume of 20 μl. The primers used were for EAAT1, 5′-ACG GTC ACT GCT GTC ATT G-3′ (forward) and 5′-TGT GAC GAG ACT GGA GAT GA-3′ (reverse); for YY1, 5′-CTC CTG CAG CCC TGG GCG CAT C-3′ (forward) and 5′-GGT AAG CCC TTT AGC GCC TC-3′ (reverse); and for GAPDH, 5′-TCC CTC AAG ATT GTC AGC AA-3′ (forward) and 5′-AGA TCC ACA ACG GAT ACA TT-3′ (reverse). The qPCR was carried out in the CFX96 real time PCR detection system (Bio-Rad) with the following program: 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s, and at 60°C for 1 min. Data were analyzed using a PCR array data analysis program from Qiagen with GAPDH as an internal control.
Western Blot
Cells were lysed in radio immunoprecipitation assay (RIPA) (100 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sufate) buffer with a protease inhibitor cocktail (SigmaAldrich). The protein concentrations in the lysates were determined by bicinchoninic acid (BCA) assay, and a total of 30 μg of protein samples was resolved on 10% SDS-PAGE. After the electrophoretic transfer of proteins onto the nitrocellulose membrane, the membranes were incubated overnight at 4°C with primary antibodies using the following dilutions: EAAT1
(1:1000), YY1 (1:500), NF-κB (1:500), IκBα (1:500), β-actin (1:1000), histone H3 (1:500) and Na + /K + -ATPase (1:500), phosphor-Akt (1:500) and total Akt (1:1000), phosphor-ERK (1:500), and total ERK (1:1000). Afterward, incubation was performed with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:3000, Promega) at room temperature for 1 h. The blots were developed and detected with an enhanced chemiluminescence detection kit (Pierce).
Preparation of Cytoplasmic and Nuclear Fractions
Cells were lysed in hypotonic buffer (10 mM HEPES-KOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 ) containing 0.5% NP-40 and centrifuged at 2500 rpm for 5 min at 4°C. The lysates containing cytoplasmic fractions were saved. The nuclei in the pellet were dissolved in hypertonic buffer (20 mM HEPES-KOH, pH 7.9, 0.4 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, and 25% glycerol) with periodic vortexing and incubation on ice for 30 min. The nuclear fractions were obtained after spinning at 20,000×g for 10 min at 4°C.
Glutamate Uptake Assay
To determine EAAT1-mediated glutamate uptake, the assay was carried out in the presence of dihydrokainic acid (DHK), a specific inhibitor for EAAT2 [52] . Cells were first washed with the pre-warmed glutamate uptake buffer (122 mM NaCl, 3.3 mM KCl, 0.4 mM MgSO 4 , 1.3 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 25 mM HEPES, and 10 mM D-(+)-glucose, pH 7.4), and 100 μM of DHK was added to cells and incubated at 37°C for 30 min. Then, the uptake buffer containing 0.25 μCi/ml L -[
3 H]-glutamate (specific activity, 49.0 Ci/ mmol; PerkinElmer) and 100 nM unlabeled glutamate was added and further incubated for 10 min. After three washes with ice-cold phosphate-buffered saline (PBS), cell lysis was achieved by adding 1 ml of 1 N NaOH. An aliquot of 750 μl of each sample was transferred into scintillation vials and neutralized with 75 μl of 10 N HCl. Finally, 5 ml of liquid scintillation fluid was added to each vial and the radioactivity was measured in LS 6500 liquid scintillation counter (Beckman Coulter, Fullerton, CA). Glutamate uptake was quantified as nmol of glutamate/mg of protein/min, and correction of protein levels was determined by the BCA assay.
Cell Surface Biotinylation
Cells grown in 100 mm dishes were washed with warm PBS containing 0.1 mM of calcium and magnesium each. Then, 2 ml of sulfo-NHS-SS-biotin solution was added to cells and incubated for 20 min with gentle rocking at 4°C. Cells were washed twice with ice-cold with quenching solution (100 mM glycine in PBS) and incubated for 45 min at 4°C. RIPA buffer was added to lyse cells, and lysates were obtained after centrifuging at 16,000×g for 20 min. Then, 300 μl of cell lysate was mixed in 1:1 with avidin beads and incubated at room temperature with gentle shaking. The avidin beads were pelleted by spinning at 8000×g for 2 min and supernatant was collected as intracellular fractions. The beads were washed four times with RIPA buffer and resuspended in 300 μl of SDS loading buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, and 5% β-mercaptoethanol). After centrifuging at 8000×g for 5 min, the supernatant was collected as biotinylated membrane fractions. Equal amounts of intracellular and membrane fractions were analyzed by western blot.
Chromatin Immunoprecipitation Assay
The chromatin immunoprecipitation (ChIP) assay was performed using the EZ-ChIP Kit (Millipore) according to the manufacturer's instructions. Briefly, the cross-linking was done by treating cells with formaldehyde for 10 min at room temperature. After washing with ice-cold PBS, cells were lysed in SDS lysis buffer containing a protease inhibitor cocktail. The cell lysates were sonicated and centrifuged at 15,000×g for 10 min at 4°C. The supernatant was mixed with ChIP dilution buffer and 60 μl of protein G agarose was added. After 1-h incubation at 4°C, the agarose beads were pelleted by spinning at 3000×g for 1 min. Then, 1% of the supernatants was saved as inputs and NF-κB p65‚ rabbit IgG (negative control) or anti-RNA polymerase (positive control) antibodies were added to the remainder and incubated overnight at 4°C. Protein G agarose beads (60 μl) were added and incubated at 4°C for 1 h. The agarose beads were pelleted and washed with low-salt and high-salt immune complex wash buffer. The free DNA obtained after reverse cross-linking of protein-DNA complex was purified, and PCR was carried out with the primers 5′-GCG TGA AAG TGG TCT AAG GAG-3′ (forward) and 5′-GCA AGT TAC TAT CAG GGC AAC-3′ (reverse).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) was carried out using LightShift Chemiluminsescent Kit (Pierce) based on the manufacturer's instructions. Briefly, 5 μg of nuclear extract from control or arundic acid-treated cells was incubated for 20 min on ice with annealed biotin-labeled oligos harboring the consensus sites (− 116 and − 538 positions) for NF-κB. The reaction mixtures were resolved in 6% DNA retardation gels (Life Technologies) and transferred to nylon membrane. The DNA-protein complexes were detected with the Chemiluminescent Nucleic Acid Detection Module (Pierce). The primers used were for EAAT1-116 NF-κB, 5′-CAG AAA CCT CGG GGT TTC CCC CTC CTC CCT G-3′ (forward) and 5′-CAG GGA GGA GGG GGA AAC CCC GAG GTT TCT G-3′ (reverse) and for EAAT1-538 NF-κB, 5′-GAA ATA GAG GCA TGT CCC TAA CTT TAG AC-3′ (forward) and 5′-GTC TAA AGT TAG GGA CAT GCC TCT ATT TC-3′ (reverse).
DNA Affinity Purification Assay
DNA affinity purification assay (DAPA) was performed with the μMACS FactorFinder Kit (Miltenyi Biotec Inc., Auburn, CA) following the supplier's protocol. Briefly, 1.5 μg of biotinylated oligos containing the consensus sites for NF-κB on the EAAT1 promoter was incubated with 50 μg of nuclear extract in binding buffer for 20 min. Then, 100 μl of streptavidin microbeads was added and the reaction mixture was further incubated for 10 min. The mixture was loaded onto the μ column and the bound proteins were eluted and analyzed by western blotting.
Statistical Analysis
The statistical analysis was performed using GraphPad Prism software (GraphPad Inc., La Jolla, CA) and described the data as mean ± standard error of mean (SEM). Statistical differences between control and various treated groups were determined by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test with statistical significance set at p < 0.05. Each experiment was carried out in three independent cell preparations with three to six replicates in each.
Results
Arundic Acid Increased EAAT1 Promoter Activity
Previous studies have reported that arundic acid increased EAAT1 (GLAST) mRNA levels in activated astrocytes [23] and retina of mice [22] . We have tested if AA modulates EAAT1, EAAT2, or both transporters with any preference on specific subtype in human astrocyte H4 cells. According to our preliminary data, AA (50 μM) increased glutamate uptake mainly via EAAT1 (64.5%) compared to those via EAAT2 (31.7%) (Suppl. Fig. 1 ), indicating that AA effects on EAAT1 are relevant to further study. Thus, we investigated the mechanism by which arundic acid (Fig. 1a) modulates EAAT1 gene expression at the transcriptional level. First, we tested the effect of arundic acid on EAAT1 promoter activity in H4 astrocytes. The results showed that arundic acid increased EAAT1 promoter activity in a concentration-and time-dependent manner (Fig. 1b, c) . Arundic acid significantly increased EAAT1 promoter activity after 24-h treatments with concentrations at ≥25 μM (p < 0.001). Accordingly, subsequent studies on EAAT1 promoter activity were carried out with 24-h treatments at 50 μM. The cell viability assay confirmed that arundic acid did not cause cytotoxicity at this concentration (Fig. 1d) .
Arundic Acid Increased EAAT1 mRNA and Protein Levels As Well As Glutamate Uptake Next, we investigated whether arundic acid-increased promoter activity led to increased EAAT1 mRNA and protein expression in H4 astrocytes. Arundic acid increased both mRNA and protein levels of EAAT1 in a concentration-dependent manner (Fig. 2a, b) . Figure 2c shows that arundic acid increased glutamate uptake via EAAT1 in the presence of DHK, since DHK, a selective inhibitor of EAAT2, completely blocked glutamate uptake via EAAT2. Furthermore, cell surface biotinylation experiments established that arundic acid increased EAAT1 expression in the plasma membrane (Fig. 2d) .
NF-κB Mediated Arundic Acid-Induced EAAT1 Expression at the Transcriptional Level
NF-κB is a critical positive regulator of EAAT1 [42] . To determine if NF-κB plays a role in arundic acid-induced EAAT1 expression, we first measured basal promoter activity in wildtype and NF-κB mutants of the EAAT1 promoter in the absence of arundic acid in H4 human astrocytes. Mutation on the NF-κB consensus site (− 116 or − 538) significantly decreased EAAT1 promoter activity, and a double mutation of both the NF-κB sites further decreased EAAT1 promoter activity (p < 0.01; Fig. 3a) .
Arundic acid increased EAAT1 promoter activity in both NF-κB single mutants, but not in a double mutant (Fig. 3a) , suggesting that both NF-κB sites are critical for the arundic acid-induced enhancement of EAAT1 promoter activity. To further confirm the role of the NF-κB pathway, we assessed EAAT1 expression in the presence of QNZ, a pharmacological inhibitor of NF-κB. The arundic acid-induced increase in EAAT1 promoter activity, mRNA, and protein level was completely abolished by QNZ (Fig. 3b-d) . Furthermore, arundic acid failed to increase glutamate uptake via EAAT1 in the presence of QNZ (Fig. 3e) , indicating that the NF-κB pathway mediates arundic acid-induced increase in EAAT1 expression and function, and that both NF-κB sites are crucial for arundic acid enhancement of EAAT1 promoter activity.
Arundic Acid Increased NF-κB Reporter Activity and Induced NF-κB Nuclear Translocation
To gain further insight into the molecular mechanisms of arundic acid-induced activation of the NF-κB pathway, we tested if arundic acid directly activates NF-κB in H4 astrocytes. The results showed that after 12 h, arundic acid increased NF-κB reporter activity (Fig. 4a) , preceding the arundic acid-induced increase in EAAT1 promoter activity (seen at 24 h) (Fig. 1b and 4a, respectively) .
In quiescent cells, NF-κB dimers are sequestered by IκB-α or -β in cytosol, maintaining it in an inactive form, but phosphorylation of IκB-α or -β by IκB kinases (IKK) undertakes proteasomal degradation of IκB-α or -β, leading to the nuclear translocation of NF-κB. This is considered a canonical pathway for NF-κB activation [53] . To determine if arundic acid activated NF-κB via this pathway, we measured the levels of IκBα and NF-κB in cytoplasmic as well as nuclear fractions. Corroborating the NF-κB reporter activity data (Fig.  4a ), 12 h of arundic acid treatment significantly increased the nuclear translocation of NF-κB. This effect occurred concomitantly with decreased IκBα levels in cytoplasmic fractions (Fig. 4b ). We have also tested if AA modulates upstream of this IκBα pathway by assessing phosphorylation of IKK, but AA did not modulate IKK phosphorylation (Suppl. Fig. 2 ).
Arundic Acid Induced NF-κB Binding to the EAAT1 Promoter
Since arundic acid induced the nuclear translocation of NF-κB, next, we determined its efficacy in enhancing NF-κB binding to consensus sites on the EAAT1 promoter sequence. The in vivo binding of NF-κB to the EAAT1 promoter was determined with the ChIP assay, while the in vitro binding was tested with EMSA and DAPA experiments. The EMSA results showed that arundic acid increased NF-κB binding to both of its consensus sites − 116 and − 538 of the EAAT1 promoter (Fig. 5a ). The specificity of the binding was verified by applying excess (×100) non-biotinylated oligos that can block binding of biotinylated oligos. The DAPA experiments also showed that arundic acid enhanced NF-κB binding to both of its consensus sites (− 116 and − 538) of the EAAT1 promoter, yet with higher binding to the − 116 consensus site (Fig. 5c) . The ChIP assay confirmed that arundic acid increased NF-κB binding to the EAAT1 promoter (Fig. 5b) .
Arundic Acid Enhanced EAAT1 Expression by Activating the Akt and ERK Pathways
Various intracellular signaling pathways are involved in regulating EAAT1 expression. Activation of protein kinase A (PKA), protein kinase C (PKC), ERK, and Akt are required for the mediation of growth factor-induced expression of EAAT1 [37] . Estrogen and tamoxifen increase EAAT1 expression by activating the Akt and ERK pathways [40] .
Results from the present study revealed that arundic acid activated astrocytic Akt as well as ERK by phosphorylation as early as 5 min after treatment (Fig. 6a) . To further confirm the role of these pathways in arundic acid-induced EAAT1 expression, we used pharmacological inhibitors of these signaling proteins. Both LY294002 and UO126, specific inhibitors Fig. 1 Arundic acid increases EAAT1 promoter activity.a Chemical structure of arundic acid [ONO-2506; (R)-(-)-2-propyloctanoic acid]. b After overnight transfection with 0.5 μg of EAAT1 promoter luciferase plasmid, human astrocyte H4 cells were treated with arundic acid for 24 h, followed by luciferase assay to measure EAAT1 promoter activity. c After overnight transfection with 0.5 μg of EAAT1 promoter plasmid, astrocytes were treated with 50 μM of arundic acid for 3, 6, 12, and 24 h, followed by measurement of EAAT1 promoter activity. d Cells were treated with the designated concentrations of arundic acid for 24 h, and cell viability was determined by the MTT assay as described in the BMaterials and Methods^section. ***p < 0.001 (increase compared to the control), ### p < 0.001 (decrease compared to the control); ANOVA followed by Tukey's post hoc test, N = 6 of Akt and ERK, respectively, significantly reduced arundic acid-induced EAAT1 promoter To further confirm the role of these pathways levels ( Fig. 6b-d) . These results indicate that both Akt and ERK pathways are critical for mediating arundic acid-induced upregulation of EAAT1.
Arundic Acid Increased EAAT1 Expression in Human Primary Astrocytes Via the Akt, ERK, and NF-κB Pathways
Consistent with the effects of arundic acid on EAAT1 in the astrocytic cell line, it increased EAAT1 promoter activity in human primary astrocytes. Double mutations of NF-κB binding sites of the EAAT1 promoter completely abolished this effect (Fig. 7a) . These results confirm that NF-κB is critical for mediating the stimulatory effects of arundic acid on EAAT1 promoter activity in human primary astrocytes. Inhibitors of Akt, ERK, and NF-κB, LY294002, UO126, and QNZ, respectively, blocked the effects of arundic acid on EAAT1 promoter activity and protein levels (Fig. 7b, c) , indicating that the Akt, ERK, and NF-κB pathways also mediate the stimulatory effects of arundic acid on EAAT1 expression in human primary astrocytes.
Arundic Acid Attenuated Mn-Induced Repression of EAAT1
Chronic overexposure to Mn may cause a PD-like neurological disorder, referred to as manganism. Mn-induced excitotoxicity has been considered as one of the main mechanisms involved in its neurotoxicity [46, 54] . Mn decreases expression and function of GLAST (EAAT1) in rat primary astrocytes [40] . Since arundic acid afforded neuroprotection in a PD-animal model, we determined its efficacy in a Mn model associated with reduction in EAAT1 expression and function. Arundic acid attenuated Mn-induced decrease of EAAT1 Fig. 2 Arundic acid increases mRNA, protein levels, and cell surface expression of EAAT1. a Astrocyte H4 cells were treated with designated concentrations of arundic acid for 24 h, followed by determination of mRNA levels by qPCR. b Cells were treated with designated concentrations of arundic acid for 24 h, followed by western blot to determine protein levels. The data are shown as blots as well as in the bar graph for quantification. c After treatment with the designated concentrations of arundic acid, glutamate uptake assay was carried out in the presence of 100 μM of DHK to block EAAT2 transporter as described in the BMaterials and Methods^section. d After H4 cells were treated with arundic acid (50 μM, 24 h), cell surface biotinylation experiment was conducted as described in the BMaterials and Methodsŝ ection, followed by western blot with equal amounts of intracellular and membrane fractions to detect EAAT1 protein levels. β-Actin and Na + /K + -ATPase were used as loading controls for intracellular and membrane fractions, respectively. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the control); ANOVA followed by Tukey's post hoc test, N = 3-6 promoter activity (Fig. 8a) as well as EAAT1 mRNA and protein levels (Fig. 8b, c) . Similarly, the Mn-induced reduction in glutamate uptake activity via EAAT1 was attenuated by arundic acid (Fig. 8d) . These data indicate that promoter luciferase plasmids, H4 astrocytes were treated with 50 μM of arundic acid (AA) for 24 h, followed by luciferase assay to determine EAAT1 promoter activity. b-d After pre-treated with QNZ, an NF-κB inhibitor (50 μM, 30 min), H4 astrocytes were treated with arundic acid (50 μM, 24 h), followed by cell lysis preparations for luciferase assay, qPCR, and western blot to determine EAAT1 promoter activity (b), mRNA levels (c), and protein levels (d), respectively. e At the end of arundic acid treatment (50 μM, 24 h), glutamate uptake was determined in H4 astrocytes in the presence of 100 μM of DHK to block EAAT2 transporter. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to untreated group); # p < 0.05 (decrease compared to untreated group); N.S. no significant change; ANOVA followed by Tukey's post hoc test; N = 3-6 Fig. 4 Arundic acid activates the NF-κB pathway. a After overnight transfection with 0.5 μg of NF-κB reporter plasmid, H4 astrocytes were treated with 50 μM of arundic acid for the designated periods of time, followed by the luciferase assay to determine NF-κB reporter activity. b H4 cells were treated with 50 μM of arundic acid for the indicated time periods, followed by the preparation of cytoplasmic and nuclear fractions.
Western blot was performed with equal protein amounts of cytoplasmic and nuclear fractions to detect IκBα and NF-κB p65, respectively. β-actin and histone H3 were used as loading controls for cytosolic and nuclear fractions, respectively. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the control); ## p < 0.01 (decrease compared to the control); ANOVA followed by Tukey's post hoc test; N = 3 arundic acid protects against Mn-induced repression of EAAT1 expression and function in astrocytes.
Arundic Acid Inhibited Mn-Induced YY1 Activation
To further understand the mechanisms by which arundic acid attenuates Mn's effect on EAAT1 repression, we investigated if arundic acid modulates YY1, a transcription factor that is activated by Mn. YY1 acts as a repressor of EAAT1 [48] , and mediates Mn-induced inhibition of EAAT1 with HDACs as co-repressors [42] . To determine whether the YY1 pathway plays a role in arundic acid attenuation of Mn-induced repression of EAAT1, we tested its effects on YY1 expression. Arundic acid completely abolished Mn-activated YY1 promoter activity as well as YY1 mRNA and protein levels (Fig. 9a-c) . These results indicate that arundic acid attenuates Mn-induced impairment in EAAT1 by modulating Mn activation of the YY1 pathway in addition to the other aforementioned mechanisms.
Arundic Acid Increased Expression of EAAT2
We also tested if arundic acid modulates the function of the astrocytic glutamate transporter, EAAT2. EAAT2 is highly expressed in the frontal cortex of adult brain as well as other brain regions [9, 55] . Arundic acid increased EAAT2 promoter activity in a concentration-dependent manner in H4 astrocytes (Fig. 10a) . Since NF-κB serves as the major positive transcription factor of the EAAT2 promoter for various pharmacological stimulants [39, [56] [57] [58] , we tested if the NF-κB pathway mediates the effects of arundic acid on EAAT2. We measured promoter activities of the triple NF-κB mutant of EAAT2 in which all three critical NF-κB consensus sites (− 251, − 282, and − 583) were mutated [57] . The results showed that the triple NF-κB mutant of EAAT2 did not completely abolish arundic acid-induced EAAT2 promoter activity (Fig. 10b) . Inhibition of the NF-κB pathway with QNZ also only partially abolished the arundic acid increase in EAAT2 promoter activity (Fig. 10c) . These data indicate that NF-κB is not solely responsible for mediating the effects of arundic acid on EAAT2 upregulation, and that other transcription factors or pathways must be involved, warranting further investigation.
Discussion
For the first time, we demonstrate that arundic acid enhances expression and function of EAAT1 by intracellularly activating the signaling pathways ERK and PI3K/Akt, and transcriptionally activating NF-κB. Moreover, arundic acid attenuates Mn-induced repression of EAAT1 by enhancing EAAT1 expression and inhibiting Mn-activated YY1 expression. These findings promote its potential as an efficacious treatment for neurological disorders associated with YY1 activation or excitotoxic dyshomeostasis, such as in Mn neurotoxicity.
Although the cellular and molecular mechanism(s) involved are not completely understood, the neuroprotective properties of arundic acid have been recognized, and are currently undergoing clinical trials for stroke, ALS, PD, and AD [59] . Findings that the NF-κB pathway plays a critical role in arundic acid-induced upregulation of EAAT1 are noteworthy. The EAAT1 promoter sequence contains putative cis-elements for several transcription factors such as NF-κB, signal transducer of activated T cells (STAT), cAMP-responsive element binding protein (CREB), activating protein 1 (AP1), nuclear factor of activated T cells (NFAT), and GC-box binding specificity protein (Sp) 1 and Sp3 [43] . It is well established that NF-κB mediates EGF as well as other growth Fig. 5 Arundic acid enhances NF-κB binding to the EAAT1 promoter. a H4 cells were treated with 50 μM of arundic acid (AA) for 24 h, followed by the preparation of nuclear extracts. EMSA was carried out with biotinylated oligonucleotides harboring − 116 (left panel) and − 538 (right panel) NF-κB binding sites of the EAAT1 promoter. Arrows show the shifts containing the DNA-protein complex. b H4 astrocytes were treated with arundic acid (50 μM, 24 h), followed by the ChIP assay to detect binding of NF-κB p65 to the EAAT1 promoter as described in the BMaterials and Methods^section. Rabbit IgG was used as a negative control and input controls are also shown. c DAPA was carried out with the nuclear extracts prepared from arundic acid-treated astrocytes. The assay was conducted separately for two NF-κB binding sites (− 116 and − 538) containing biotinylated oligonucleotides. The eluted proteins along with the input controls were run for western blot to detect NF-κB p65. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the control); ANOVA followed by Tukey's post hoc test; N = 3 factor-induced increase in EAAT1 expression [37] . We have recently demonstrated that two NF-κB binding sites at positions − 116 and − 538 on the EAAT1 promoter are critical for mediating the stimulatory effects of positive modulators [42] . Findings herein demonstrate that both NF-κB sites are critical for the increase in EAAT1 expression upon arundic acid treatment. Notably, single NF-κB mutants displayed a significant increase in EAAT1 promoter activity even upon treatment with arundic acid; yet, in the double NF-κB mutant, arundic acid-induced increase in EAAT1 promoter activity was fully abolished, corroborating that arundic acid increased NF-κB binding to both its consensus sites of the EAAT1 promoter (Fig. 5 ). There are several pathways for NF-κB signaling activation in cells [60] , but arundic acid appears to activate the canonical NF-κB signaling as it increased nuclear translocation of NF-κB p65 with a decrease of IκBα in cytosol (Fig. 4 ) [53] . On a temporal axis, arundic acid enhancement of EAAT1 expression, i.e., NF-κB activation (12 h) prior to EAAT1 enhancement (24 h), supports the critical role of NF-κB in arundic acid-induced upregulation of EAAT1.
In addition to transcriptional modulation, intracellular signaling proteins ERK and Akt also appear to be involved in mediating the arundic acid-induced upregulation of EAAT1. This is consistent with earlier studies where ERK and Akt were shown to modulate the effects of growth factors and estrogen/SERMs on EAAT1 expression [37, 40] . The ERK and Akt pathways may act in parallel and/or a coordinated fashion through cross talk between these two pathways [61] [62] [63] . Furthermore, both the ERK and Akt pathways can also converge to activate NF-κB [64] , as arundic acid induces the activation of both ERK and Akt, preceding that of NF-κB. Based on the results of EAAT1 promoter activity, the Akt pathway seems to be more prominent in arundic acidinduced EAAT1 stimulation, but further studies are required to determine the individual contribution and significance of each of these pathways.
Although Mn is an essential co-factor for numerous enzymes, including glutamine synthetase and Mn superoxide dismutase in its low or trace levels [65, 66] , chronic overexposure to Mn may cause manganism, a neurological disorder resembling PD symptoms. Glutamate excitotoxicity represents a critical mechanism in Mn-induced neurotoxicity, supported by observations that MK801, a pharmacological antagonist for the N-methyl-D-aspartate (NMDA) receptor, protected against Mn toxicity in the rat brain [54] . Mn has been also consistently shown to decrease glutamate uptake and expression of astrocytic glutamate transporters in in vitro as well as in vivo experimental settings [40, [67] [68] [69] . Several pharmacological agents have been shown to attenuate Mn neurotoxicity by modulating astrocytic glutamate transporters. Estrogen (17 β-estradiol), SERMs (tamoxifen and raloxifene), riluzole, and HDAC inhibitors enhanced expression of GLAST and GLT-1, and attenuated Mn-induced repression of glutamate transporters [39, 40, 42, 70] . Findings from the present study suggest that arundic acid might be a potential therapeutic candidate to treat Mn neurotoxicity as it fully reversed the Mn-induced decrease in EAAT1 promoter activity, mRNA/protein levels, and glutamate uptake activity.
Interestingly, in addition to activation of NF-κB, arundic acid modulates YY1. Although YY1 can act as a positive or negative transcription factor depending on the cellular context, it serves as a repressor of EAAT1 since YY1 overexpression causes a decrease in EAAT1 mRNA and glutamate uptake activity in chicken Bergman glia [48] . We have previously reported that Mn increased YY1 promoter activity, mRNA, and protein levels, and induced YY1 binding to the EAAT1 promoter [42, 70] . These findings prompted us to test if arundic acid interferes with the YY1 pathway. Indeed, arundic acid attenuated the Mn-induced effects on EAAT1 repression via inhibition of YY1 promoter activity, mRNA, and protein levels (Fig. 9) , suggesting that modulation of YY1 might be another target for arundic acid in its efficacy in attenuating Mn-induced decrease in EAAT1 expression and function. Arundic acid attenuates Mn-induced repression of EAAT1 also by increasing EAAT1 trafficking to the cell surface [71, 72] . Thus, EAAT1 function may be enhanced by increased expression of EAAT1 at the transcriptional/translational levels, and by increased functional EAAT1 localization in the plasma membrane by post-translational modifications or membrane trafficking. Arundic acid's ability to reverse the Mn-induced decrease of EAAT1 expression and cell surface localization requires further investigation to better understand the detailed molecular mechanisms involved.
Arundic acid also increases EAAT2 promoter activity (Fig.  10) . EAAT2 is the other main astrocytic glutamate transporter and implicated in various neurological disorders such as ALS, AD, and PD [73] . Earlier studies have reported that arundic acid protected against glutamate excitotoxicity by increasing the expression of EAAT1, EAAT2, and glutathione synthase in the rat model of transient middle cerebral artery occlusion (tMCAO) [31] . NF-κB is also a main positive transcription factor, playing a critical role in arundic acid-induced upregulation of EAAT2. It is well established that NF-κB mediates the stimulatory effects of various modulators including Fig. 7 Arundic acid increases EAAT1 expression in human primary astrocytes. a After overnight transfection with 0.5 μg of EAAT1 or single (− 116, − 538 m) or double (116/538 m) NF-κB mutants of EAAT1 promoter luciferase plasmids, human primary astrocytes were treated with 50 μM of arundic acid for 24 h, followed by luciferase assay to determine EAAT1 promoter activity. b, c Human primary astrocytes were pre-treated with 50 μM of QNZ, 10 μM of UO126 (UO), or 20 μM of LY294002 (LY) for 30 min to inhibit NF-κB, ERK, and Akt, respectively, followed by treatment with arundic acid (50 μM, 24 h). Cells were lysed and EAAT1 promoter activity (b) and protein levels (c) were determined by luciferase assay and western blot, respectively. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the untreated or indicated group); # p < 0.05 (decrease compared to the control); ANOVA followed by Tukey's post hoc test; N = 3 soluble neuronal factors, ceftriaxone, estrogen, and SERMs on EAAT2 [39, [56] [57] [58] . Findings from the present study that arundic acid significantly increased promoter activities of triple NF-κB mutant (− 251, − 282, and − 583 positions) indicate that, unlike in EAAT1, inhibition of NF-κB does not completely block the stimulatory effects of arundic acid on EAAT2 promoter activity. The pharmacological inhibition of the NF-κB pathway also partially blocked the arundic acid- Fig. 8 Arundic acid attenuates Mn-induced EAAT1 repression. a After overnight transfection with 0.5 μg of EAAT1 promoter plasmid, H4 astrocytes were treated with arundic acid (50 μM, 24 h), followed by Mn exposure (250 μM, 6 h). The luciferase assay was carried out to determine EAAT1 promoter activity. b, c H4 astrocytes were treated with arundic acid (50 μM, 24 h), followed by Mn exposure (250 μM, 6 h). The mRNA (b) and protein (c) levels of EAAT1 were determined by qPCR and western blot, respectively. β-actin was used as a loading control. d After pre-treated with arundic acid (50 μM, 24 h), H4 astrocytes were exposed with Mn (250 μM, 6 h), followed by glutamate uptake assay as described in the BMaterials and Methods^section. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the control or indicated group); # p < 0.05 (decrease compared to the control); ANOVA followed by Tukey's post hoc test; N = 3 Fig. 9 Arundic acid inhibits Mn-activated YY1 expression in H4 astrocytes. a After overnight transfection with 0.5 μg of YY1 promoter plasmid, H4 cells were pre-treated with of arundic acid (50 μM, 24 h) prior to Mn exposure (250 μM, 6 h), followed by measurement of YY1 promoter activity by luciferase assay. b, c Cells were pre-treated with arundic acid (50 μM, 24 h) prior to Mn exposure (250 μM, 6 h), followed by measurement of YY1 mRNA (b) and protein (c) levels by qPCR and western blot, respectively. β-actin was used as a loading control. *p < 0.05, **p < 0.01, (increase compared to the control); # p < 0.05 (decrease compared to the indicated group); ANOVA followed by Tukey's post hoc test; N = 3 induced EAAT2 promoter activity, suggesting that other mechanisms may also play a critical role in mediating the effects of arundic acid on EAAT2 expression [57] . Our findings that mutations of both NF-κB and CRE binding sites of the EAAT2 promoter failed to inhibit arundic acid's stimulatory effect on EAAT2 completely (data not shown) suggest that multiple pathways might converge to mediate arundic acid's effect on EAAT2 expression.
In summary, we demonstrate that arundic acid upregulates astrocytic EAAT1 via activation of intracellular signaling proteins such as ERK and Akt, and the NF-κB pathway at the transcriptional level (Fig. 11) . The findings from the present study open new venues for the development of therapeutics using arundic acid or its analogs to treat various neurological disorders associated with dysfunction of EAAT1. Furthermore, arundic acid-induced attenuation of Mn repression of EAAT1 by inhibiting YY1 activation suggests that it can also serve as a potential therapeutic against Mn-induced neurological disorders or pathological conditions associated with YY1 activation (Fig. 11) . Fig. 10 Arundic acid increases expression of EAAT2. a After overnight transfection with 0.5 μg of EAAT2 promoter luciferase plasmid, H4 astrocytes were treated with arundic acid (AA) for 24 h, followed by measurement of EAAT2 promoter activity by luciferase assay. b After overnight transfection with 0.5 μg of wild-type EAAT2 or NF-κB mutant (NF-κBm) of EAAT2 promoter luciferase plasmids, H4 astrocytes were treated with arundic acid (50 μM) for 24 h, followed by measurement of EAAT2 promoter activity by luciferase assay. c H4 cells were pre-treated with QNZ (50 μM, 30 min) prior to treatment with arundic acid (50 μM, 24 h), followed by measurement of EAAT2 promoter activity by luciferase assay. *p < 0.05, **p < 0.01, ***p < 0.001 (increase compared to the control or untreated group); # p < 0.05 (decrease compared to the control); ANOVA followed by Tukey's post hoc test; N = 3 Fig. 11 Proposed mechanism of arundic acid-induced EAAT1 expression. Arundic acid activates intracellular signaling proteins, ERK and Akt, as well as the NF-κB pathway, leading to nuclear translocation of NF-κB. In the nucleus, NF-κB binds to both consensus sites (− 116 and − 538) on the EAAT1 promoter, leading to the increased expression of EAAT1. Arundic acid also blocks Mn-induced repression of EAAT1 by inhibiting Mn-induced YY1 expression
